We report on the synthesis of a new γ-phase of the spin S = 3 2 compound SrCo 2 (PO 4 ) 2 together with a detailed structural, magnetic and thermodynamic properties. The γ-phase of SrCo 2 (PO 4 ) 2 crystallizes in a triclinic crystal structure with the space group P1. Susceptibility and specific heat measurements reveal that SrCo 2 (PO 4 ) 2 orders antiferromagnetically below T N 8.5 K and the nature of ordering is three dimensional (3D). The magnetic isotherm at temperatures below T N shows a field-induced spin-flop transition, related to the magnetocrystalline anisotropy, at an applied field of ∼ 4.5 Tesla. Remarkably, heat capacity shows magnetic-field-induced transitions at T N1 = 3.6 K and T N2 = 7.4 K. The magnetic long range ordering (LRO) is also confirmed in both the Knight shift and spin-lattice relaxation rate (1/T 1 ) of the 31 P-NMR measurements. However, below the LRO we have not detected any NMR signal due to faster relaxation. We have detected two structurally different phosphorous sites in γ-phase of SrCo 2 (PO 4 ) 2 and they shift differently with temperature.
Introduction
Magnetic properties of the transition metal ion (M)-based oxide materials are strongly depended on the coordination polyhedra of the magnetic ion such as octahedron (MO 6 ), pentahedron (MO 5 ), and tetrahedron (MO 4 ). Such magnetic materials have attracted considerable attention because of their anomalous field-induced critical behaviors. [1] [2] [3] [4] [5] The ground state of such spin systems with antiferromagnetic (AFM) ordering gets modified by quantum fluctuations, which can be driven by small value of spin, geometric frustration, low-dimensionality or application of magnetic field as well. Anomalous field-induced behaviour observed in the magnetic properties of these materials also depends on the nature of exchange interaction and magneto-crystalline anisotropy. 6 One such fascinating family of compounds, which has general formula AM 2 (XO 4 ) 2 [A = Ba, Sr, Pb; M = Cu, Ni, Co, Mn; and X = P, V, As], has been studied extensively. These studies unveiled a plethora of interesting magnetic properties.
7-11
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To our knowledge, there are no reports on the synthesis and magnetic behavior of high temperature (HT) γ-phase (named) for SrCo 2 (PO 4 ) 2 till date. Here, we report the structural, magnetic and spin dynamic properties of the newly discovered γ-phase for spin-properties have been reported by He et al.; 35 β-phase of SrCo 2 (PO 4 ) 2 was recently synthesized and magnetic properties have been reported by Yang et al. 36 The magnetic properties are distinctly different for both α-and β-phases. The existence of γ-phase of the compound has been confirmed by differential thermal analysis (DTA) and x-ray diffraction studies, while the magnetic property of this phase was studied by measuring the magnetization, heat capacity, and 31 P-NMR. This HT phase shows a clear magnetic ordering at T N 8.5 K;
significantly lower than that of the previously reported α-and β-phases. γ-SrCo 2 (PO 4 ) 2 also exhibits sequence of field-induced magnetic transitions in an applied external magnetic field.
Experimental Section
The title compound γ- the HT γ-phase. After each heating, the sample was cooled down (120 • C/h) to room temperature to ensure more complete absorption of oxygen by the lattice and reground to improve homogeneity. The synthesized compound was found to melt above 1050 • C, which was clearly observed in differential thermal analysis (DTA) measurement. The synthesized HT-phase γ-SrCo 2 (PO 4 ) 2 was dark blue in color. The progress of the reactions was followed by powder x-ray diffraction (P-XRD) and final reaction just below the melting of the material renders the pure powder sample.
Differential thermal analysis (DTA) was measured on a NETZSCH 449C thermal analyzer instrument with the temperature ranging from 30 to 1400
• C under N 2 atmosphere using a heating rate of 10 • C/min. To ensure the phase purity of the sample, powder x-ray diffraction was performed at room temperature in a PANalytical x-ray diffractometer with
CuK α radiation of λ ave = 1.5441 Å. The x-ray diffraction pattern was refined by the Rietveld method. Magnetic susceptibility χ(T ) measurements were performed using SQUID (Quantum Design) and heat capacity C p (T ) measurements were performed using a commercial Physical Property Measurement System (PPMS, Quantum Design). The NMR measure-
= 17.234 MHz Tesla −1 and nuclear spin
] were carried out using a fixed frequency of 27 MHz and with a varying field. As the spectra is broad, we have measured the spectra in field-sweep mode and each point is measured by integrating the area under the spin-echo magnitude and averaging it over multiple scans. We used a
(solid echo) sequence for measuring spectra where τ is the gap between the pulses. We adjusted the pulse-width at different temperatures depending on the width of the spectra. From room temperature (300 K) to 10 K it was varied from 7 µs to 5 µs respectively. The 31 P nuclear spin-lattice relaxation rate (1/T 1 ) was measured by the saturation recovery method using a
− τ − π pulse sequence with τ = 60 µs and a variable delay (t). Similar to spectra measurements, we varied the pulse-width here as well according to the change of the spectral width of the NMR signal with temperature.
Results and discussion

X-ray diffraction and thermal analyses
The structure of γ-SrCo 2 (PO 4 ) 2 phase was solved using Rietveld method of the room temperature x-ray diffraction pattern as shown in the Fig. 1(a) by Fullprof software. 46 In order to identify the single phase nature of γ-SrCo 2 (PO 4 ) 2 , initial parameters were taken from the previously reported structure. 47 Rietveld analysis confirms that the γ-phase of the title compound also crystallizes in the triclinic structure with space group P1 (space group No. 2)
akin to both α-and β-phases. 35, 36 The obtained values of cell-parameters are different from both phases but closer to α-phase. 35, 47 The refined values of various structural parameters such as lattice constants, fractional atomic coordinates, and isotropic thermal parameters of all crystallographic sites are given in Table 1 . All the crystallographic sites were considered to be fully occupied during the refinement. The Co-O and P-O bond lengths, and bond angles are given in Table 2 .
The crystal structure of γ-SrCo 2 (PO 4 ) 2 consists of layers of five-coordinated cobalt (CoO 5 ) and (PO 4 ) −3 groups within the ab and bc planes, which are isolated by strontium (Sr 2+ ) ions 
Magnetization and Magnetic Susceptibility
The magnetic susceptibility χ(T ) data for γ-SrCo 2 (PO 4 ) 2 measured at H = 1 T is presented in Fig. 4(a) . At high temperatures T > 30 K, χ(T ) follows a Curie-Weiss law. The susceptibility increases with decreasing temperature, while a sharp peak is observed at 8. LRO is observed at much lower temperature compared to that of the α-and β-phases.
35,36
A typical Curie-Weiss behaviour observed above 55 K for γ-SrCo 2 (PO 4 ) 2 , is shown in Table 1 : Crystallographic parameters for γ-SrCo 2 (PO 4 ) 2 at room temperature are obtained from Rietveld refinement. γ-SrCo 2 (PO 4 ) 2 has triclinic structure, with space group P − 1 and obtained lattice parameters are a = 5.02080(6) Å, b = 8.65940(10) Å, and c = 9.72680(10) Å; α = 118.188
• (4), β = 75.066
• (5), and γ = 87.078
• (5) compared to the reported values a = 5.014(2) Å, b = 8.639(4) Å, and c = 9.691(1) Å; α = 118.04
• (3), β = 75.09
• (4), and γ = 86.90
• (4). 47 Wyckoff symbol and relative atomic coordinate of each atom is listed in the table. All atoms occupy at the 2i crystallographic site and all the atomic sites are found to be fully occupied. (4) O21-Co2-O11 139(4) Co2-O13 3.14(7)
O12-Co2-O13 110(3) Co2-O21 2.03(7) Co2-O24 2.08(6) P(1)-O11 1.29 (8) O12-P1-O11 161(3) P(1)-O12 1.56 (7) O11-P1-O13 160(3) P(1)-O13 1.55 (5) O13-P1-O12 82(20) P(1)-O14 1.54 (8) O11-P1-O14 97(5) O13-P1-O14 120(5) O14-P1-O12
144 (3) P(2)-O21 1.53(6) O24-P2-O21 118(4) P(2)-O22 1.51 (7) O21-P2-O23 135(17) P(2)-O23 1.40 (7) O23-P2-O22 165(3) P(2)-O24 1.71 (7) O22-P2-O24 161(3) O23-P2-O24 170(6) O22-P2-O21 160(2) Figure 4 : (a) The magnetic susceptibility χ of γ-SrCo 2 (PO 4 ) 2 versus T measured in a field H = 1 T. Inset of (a) shows the d(χT )/dT versus T for the applied field at H = 1 T in the low-T regime. In this inset, the arrow indicates magnetic transition at 8.
The straight solid red line is a CW fit of χ −1 (T ) from 55 to 300 K and the blue line is extrapolated CW fit down to 0 K. Inset of (b) shows the behaviour of T N at different applied fields in the low-T regime. Fig. 4(b) ; using Curie-Weiss fitting we obtained the Curie constant C and the Weiss constant θ. To fit the uniform magnetic susceptibility data at high temperatures, we used the
where χ 0 is the temperature-independent contribution that accounts for core electron dia- with a g value of 2 (free-electron g-value). This higher value of µ eff is attributed to the presence of some orbital contribution which have been observed in other Co +2 compounds
and it agrees well with the earlier reports. 
Heat Capacity
Specific heat for γ-SrCo 2 (PO 4 ) 2 was measured on a small pressed pellet using the thermal relaxation technique. Specific heat C p measurement at zero field as well as at different applied fields for γ-SrCo 2 (PO 4 ) 2 are shown in Fig. 6 in the low temperature range (1.8 -
K)
. At high temperatures, C p is completely dominated by phonon excitations. 51 Below 8.5 K, an increase of C p with decreasing temperature indicates that the magnetic contribution of specific heat is dominant in this temperature region. Here, C p (T ) shows a λ-type anomaly at T N 8.5 K associated with the long-range magnetic ordering (see Fig. 6 ) which is in good agreement with the magnetization results.
To gain further information about the nature of magnetic ordering with field, we measured H ≥ 14 T , the λ-type anomaly almost disappears from heat capacity data and shows only a broad anomaly whose maximum occurs at C max ∼ 4.4 K (see Fig.6 ). This indicates that LRO is substantially suppressed because of higher magnetic-field, which strongly influenced by the disordered spin state. We emphasize that the microscopic nature of the disordered spin state could be resolved further by neutron diffraction experiments. The zero field data shows λ-type anomaly at T N 8.5 K. The two transitions at T N1 = 3.6 K and T N2 = 7.4 K are shown by down arrows respectively at an applied field H ≈ 7 T . The broad maximum (C max ) in the heat capacity data at higher field H ≥ 14 T occurring at ∼ 4.4 K is shown by an up arrow.
P NMR Shift
The field sweep of the 31 P NMR spectra measured at different temperatures is shown in Fig. 7 .
Since the crystal structure of γ-SrCo 2 (PO 4 ) 2 has two inequivalent P site, 47 we observed two spectral lines above T N as expected for an I = 1/2 nucleus for each P site. 57 Below 10 K there is a long range magnetic ordering and due to that below 10 K nuclear spin relaxations become so fast that the 31 P NMR signal itself is not detected. This phenomenon of fast relaxation pursued even in lower temperatures and the signal is not detected as well.
We observed a significant negative shift of the 31 P NMR line and the Knight shift follows the trend observed in χ(T) [see Fig. 8 ]. At room temperature the 31 P NMR signal is a nice Gaussian-line which is expected for the nucleus. However, at 80 K the single Gaussian NMR line splits into two Gaussian peaks (see Fig. 7 ). The two Gaussian peaks corresponding to two different P sites, were also observed in Pb 2 Ni(PO 4 ) 2 Figure 7 : Field-sweep 31 P NMR spectra at different temperatures (T > T N ) for polycrystalline γ-SrCo 2 (PO 4 ) 2 measured at 27 MHz down to 10 K. The spectra clearly shows that below 80 K the single Gaussian pattern of the spectra splits into two lines and they shift at different rates. At 10 K (close to the LRO temperature) they again merge into a single line.
compound.
56 This is quite a surprising aspect considering the SrNi 2 (PO 4 ) 2 compound within this AM 2 (PO 4 ) 2 family where despite having two crystallographic phosphorus sites two different 31 P NMR signals were not observed.
34
It is important to point in this regard that the amount of shift observed in γ-SrCo 2 (PO 4 ) 2 is much larger compared to SrNi 2 (PO 4 ) 2 , the nearest compound in the AM 2 (PO 4 ) 2 family; 34 which indicates that there might be stronger hyperfine coupling in γ-SrCo 2 (PO 4 ) 2 compared to the other members in the AM 2 (PO 4 ) 2 family, 34,56,58 which causes the larger shift and also results in the splitting of the 31 P NMR signal from the two structurally different phosphorus.
Out of these two Gaussian peaks, one is comparatively broader than the other (see Fig. 9 ).
For the convenience in discussion, now onwards we call the broader peak as P b and the other one as P s . From the structural point of view, we can say that there are two different 31 P nucleus in this compound and these two Gaussian peaks are originating from these 31 P nuclei. The relative weight of these two peaks are close to 50% and it is maintained throughout the whole temperature regime where these two peaks have been observed (see Fig. 10 ), which is expected since the two structurally different phosphorus sites are present in equal proportion. The interesting fact is that the shifts of these two peaks are unequal, and the shift of P b is more than P s . This suggests that the internal magnetic field is more for the phosphorus atom associated with P b compared to P s (see Fig. 8 ). The shift of both the components manifest linear behavior in K-χ but the sharp component shows some change of slope around 80 K which might be due to the fact that about 80 K the 31 P NMR signal starts splitting into two and at this temperature they are also almost overlapping which leads to some errors in the estimation of the sharper one. However, at 10 K (just above the magnetic long range ordering temperature) these two 31 P NMR lines again merge into a single line.
With the decrease in temperature 31 P NMR linewidth broadens but as the line splits into two and they are shifting in different rates which makes the calculation of temperature dependence of linewidth complicated. The 31 P nuclear spin-lattice relaxation rate (1/T 1 ) above T N for γ-SrCo 2 (PO 4 ) 2 was measured at the field corresponding to the central peak position for both components P b and P s respectively. The features observed in the spectra measurement is also reflected in the measurement of the spin-lattice relaxation of the 31 P NMR nucleus. Above 80 K we found a single-exponential T 1 -relaxation of the 31 P nucleus. Whereas below 80 K we found two relaxing components. We performed two T 1 -measurements at the two corresponding peaks resulting from the two phosphorus nuclei. Since the two phosphorus lines are overlapping on each other; apart from the phosphorous nucleus which we are probing, we also received contribution from the other phosphorous nucleus. However, T 1 measurement at P b is less effected due to the interference from the other component because due to its broadness when T 1 is measured at the center of P b it is less affected from the contribution from Ps compared to the T 1 measured at P s . For analysing T 1 measured at P b , if we just consider the longer component which also has more relative weight and we attribute this as the contribution coming from the phosphorous at P b , we find that 1/T 1 increases slowly down to 80 K, then it slightly drops off constructing a local maximum at 80 K, ( this is the temperature where the single Gaussian NMR line splits into two) after that below 40 K it falls off sharply and finally close to the magnetic LRO (8.5 K) it kicks off again (see Fig. 11 ) which is commonly observed in long range ordered antiferromagnetic systems. The sharp decrease of 1/T 1 below 40 K might be attributed to the formation of some spin-gap due to dimerization, as the Co 2+ ions are structurally forming dimer among themselves. However, to comment in further details about this aspect, further study of the magnetic-structure of this compound is required.
Summary and Conclusions
We have synthesized a new HT-phase of SrCo 2 (PO 4 ) 2 and presented the evidence for γ-phase of SrCo 2 (PO 4 ) 2 through differential thermal analysis and x-ray diffraction analysis.
The γ-SrCo 2 (PO 4 ) 2 phase is found to have the triclinic symmetry with space group P1, isostructural to α-phase. The bulk measurements clearly shows 3D long range magnetic interaction between the magnetic Co 2+ ions. However, the magnetic susceptibility and specific heat measurements confirm bulk magnetic ordering at T N 8.5 K which is significantly lower than that of α-and β-phases. γ-SrCo 2 (PO 4 ) 2 shows sequence of field-induced magnetic transitions in an applied external magnetic field possibly due to magnetocrystalline anisotropy. Both temperature dependence of Knight shift and the spin-lattice relaxation rate of 31 P NMR measurements confirm the LRO at 8.5 K for the γ-SrCo 2 (PO 4 ) 2 phase.
Additionally, we were able to discriminate the two structurally different phosphorus sites via NMR knight shifts. Both the knight shifts follow the trend of the magnetic susceptibility data, but below 80 K, the two Knight shifts corresponding to the two different P-sites split apart. They merge together again at 9.5 K close to the magnetic LRO temperature. Below 80 K, as the spectra splits into two we observe two components (one comparatively broader than the other) in the spin-lattice relaxation. The measurement of the spin-lattice relaxation of the sharper component is interfered by the other one and hence are not very reliable to make any distinct conclusion. 
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